Poly(A/T) tracts are abundant simple sequence repeats (SSRs) within the human genome. They constitute part of the coding sequence of a variety of genes, encoding polylysine stretches that are important for protein function. Assessment of poly(A/T) tract stability is also used to identify microsatellite unstable colorectal cancers, which are characteristic of tumours defective in DNA mismatch repair. Despite their importance, little is known about the stability of poly(A/T) SSRs in the human germline. We have determined the stability of a paradigm poly(A/T) tract, BAT-40, by study of population allele frequencies, mutation frequency in families and mutation frequency in sperm DNA. We show that the locus is polymorphic, with a level of heterozygosity of 59.7%. Germline mutation was observed in 13 of 187 germline transmissions (7.0%) in 10 families suggesting BAT-40 is unstable in the germline. Further evidence for germline instability at BAT-40 was provided by small pool PCR analysis of matched blood and sperm DNA templates, revealing a significantly elevated frequency of mutation in the germline (P < 0.001). These findings provide insight into poly(A/T) tract stability in the germline. They also have relevance to the study of gene expression and to determination of microsatellite instability in tumours.
INTRODUCTION
Simple sequence repeats (SSRs) occur ubiquitously throughout the genome. Many are highly polymorphic, making them of particular importance to the study of evolution and the mapping of disease genes (1) . SSRs such as poly(A/T) and (CA) n are routinely used in determining microsatellite instability (MSI) status in mismatch repair (MMR) deficient colorectal cancers (CRCs) (2) (3) (4) (5) . The proportion of markers that display mutational shifts in the tumour directs subsequent analysis for germline MMR mutations that lead to this MSI phenotype (6) . Factors affecting the mutation frequency of microsatellites have been studied in MMR deficient tumours since analysis is rapid and material readily available (7, 8) . We have previously demonstrated that constitutional genotype at a given microsatellite locus influences the propensity for instability in the presence of defective MMR (7) . Such studies highlight the need for a well-characterised panel of markers to be used for such assessments, in order for them to be employed with confidence.
It has been shown that mechanisms generating mutations in microsatellite unstable (MSI + ) tumours have relevance to understanding the evolution of such sequences in the germline (8) . Investigation of determinants of germline mutation at SSR loci is laborious and frequently requires analysis of many hundreds of gametes in family studies (9, 10) . However, the development of small pool PCR (SP-PCR) techniques in studying germline stability at minisatellites has facilitated investigations of such mutations at other SSRs (11, 12) .
To date, many studies of germline mutation at SSR loci have focused on understanding sequence instability of the trinucleotide repeat disorders (13) (14) (15) (16) . In addition, investigations have been carried out on germline stability of dinucleotide repeat markers, including long CA stretches (10) . However, there has been little investigation of the stability of mononucleotide tracts in the germline. This is surprising since poly(A/T) repeats are the most abundant simple repetitive sequence motif in the human genome (17) largely due to the poly(A/T) tails of scattered retrotransposed sequences such as long (LINEs) and short interspersed elements (SINEs) (17, 18) . Coding poly(A/T) sequence tracts have been identified with repeat lengths of up to 27 bp and within introns they may occur up to 70 bp in repeat length (17) . Any process influencing the fidelity of replication at coding sequence mononucleotide tracts will clearly have important functional effects. The transforming growth factor beta receptor type 2 (TGFBR2) gene contains a poly(A/T) 10 tract in exon 3 that has been shown to be mutated in up to 90% of MSI + tumours, resulting in inactivation of the gene (19) (20) (21) .
In view of the prevalence of poly(A/T) stretches and their functional relevance we were interested to gain insight into the inherent stability of such sequences. The microsatellite BAT-40 is a paradigm mononucleotide marker consisting of 40 adenine repeats located in intron 2 of the 3-beta-hydroxysteroid dehydrogenase (3-beta-HSD) gene on chromosome 11 (22) . BAT-40 is highly sensitive to the effects of defective MMR, since it is susceptible to mutation in >95% MSI + tumours and thus is used routinely in the analysis of MSI (5, 21, 23, 24) . Previous studies have also demonstrated that BAT-40 exhibits significant polymorphism within populations (25, 26) . Hence we hypothesised that BAT-40 and other long poly(A/T) repeats might be unstable in the germline.
We analysed germline stability at the BAT-40 locus as a paradigm poly(A/T) tract, in order to gain insight into the generation of new mutations at such sequences. Assessment of the degree of mutability at such a locus might have considerable relevance to the generation of mutations at that locus in MMR deficient tumours.
MATERIALS AND METHODS

DNA sample groups
Genotyping was carried out on the constitutional DNA of 102 unrelated Scottish individuals and 35 unrelated CEPH family members from the nine families listed below.
A Scottish Family, K-435, was used for pedigree analysis. Family relationships were confirmed by genotyping, using a panel of microsatellite markers (data not shown). This family was identified previously as being an HNPCC kindred with affected individuals displaying tumour instability as determined using a panel of microsatellite markers. Proband MD-473 was previously determined to be heterozygous at BAT-40 with two alleles differing by 12 bp in length thus making individual allele identification obvious. MD numbers represent our laboratory sample identification system. DNA samples were available from the peripheral blood leukocytes of 20 individuals from this family.
DNA from nine CEPH families (66, 1331, 1341, 1346, 1362, 1377, 1423, 13293 and 13294) was used for further pedigree analysis to provide a total of 176 germline transmissions for study.
SP-PCR was carried out on matched constitutional and germline DNA samples from two further unrelated individuals. MD-949 carries a germline mutation in the MMR gene, human MLH1, resulting in a deletion of exon 12 (codons 347-470). MD-c1 is a healthy control individual.
Preparation of constitutional DNA and BAT-40 genotyping
Constitutional DNA was extracted from blood using Nucleon II DNA extraction protocol (Scotlab Bioscience, Strathclyde).
BAT-40 alleles were amplified from DNA templates in triplicate using primers described previously (24) . These primers amplify a 126 bp product containing the standard 40 A residues according to the genomic sequence of the 3-beta-HSD gene (GenBank accession no. M38180) (22) . We were not able to assess the number of adenine repeats in a given sized allele directly, since repeated attempts at sequencing across the BAT-40 locus were unsuccessful. Therefore repeat length is based on the theoretical predicted amplified sequence both in this and in the majority of other studies that report BAT-40 repeat length.
PCR reactions were performed in a final volume of 25 µl using the Expand High Fidelity PCR system (Boehringer Mannheim, Germany). Final reaction concentrations were 1× PCR buffer II, 0.2 mM dNTPs, 100 ng oligonucleotide primer, 100 ng DNA and 0.87 U of Expand high fidelity PCR mix. Amplifications were performed using an Omnigene PCR thermal Cycler (Hybaid) at 94°C for 3 min for 1 cycle; 94°C for 1 min, 55°C for 1 min, 72°C for 1 min for 35 cycles; 72°C for 5 min for 1 cycle. PCR products were size analysed using an ABI310 Automated Genetic Analyser, using Genescan software.
Sperm DNA preparation and SP-PCR
DNA was extracted from sperm as described by Jeffreys et al. (27) . Pelleted semen was rinsed three times with 20 ml 1× SSC followed by six washes with 20 ml 1× SSC and 1% SDS to lyse any seminal leukocytes and epithelial cells. The residual sperm pellet was incubated in 1× SSC and 1 M 2-mercaptoethanol at room temperature for 5 min and the reduced sperm lysed by addition of SDS to 1%. Sperm DNA was collected after phenol extraction by ethanol precipitation and resuspended in Tris-EDTA pH 7.7. DNA concentration was calculated using a spectrophotometer to measure the optical density of DNA samples in triplicate and also by running samples against standards of known DNA quantity using gel electrophoresis.
SP-PCR and analysis of PCR products was performed as described (7) . DNA from matched blood and sperm samples were serially diluted to a final concentration of 15-20 pg per PCR reaction. This results in an estimated five to six template BAT-40 alleles in total, per reaction (assuming 6 pg of DNA per diploid genome). Limiting dilutions were carried out and final DNA concentrations resulted in the detection of a product in ∼30% of analyses corresponding to products that represent single DNA templates (11, 28) . PCR reactions were then performed as described above in 96 well plates using the Expand High Fidelity PCR System (Boehringer Mannheim, Germany). Avoidance of contamination was paramount when amplifying dilute DNA templates. Therefore all reactions were carried out in a Class-2 containment hood. All pipettes and plastics used in the preparation of the SP-PCR reactions were UV irradiated for 20 min in a Template Tamer (Oncor). Buffer solution and sterile water were opened under sterile conditions and also subjected to UV irradiation. On each plate, 16 wells were DNA free to provide negative controls and positive controls containing 100 ng of undiluted sample DNA was prepared in two wells on every plate to ensure reproducibility of ABI310 profiles between plates. Matched sperm and blood DNA samples and SP-PCRs were prepared simultaneously, using the same reagents to allow direct comparison. Amplifications were performed as above and SP-PCR products and positive controls were size analysed using ABI310 Automated Genetic Analyser and Genescan software. All 16 negative controls from every SP-PCR plate were also analysed and if a product was observed in any negative sample, the entire plate was discarded.
Determination of the origin of new alleles
In instances where the origin of 'new/mutant' alleles was inferred, this was done in the same manner as in published studies (e.g. 10). The origin of 'new/mutant' alleles is such that if there were two possibilities, the shortest mutational step was considered to be the actual one. For example, if one progenitor allele differed by one repeat and the other by two repeats, when compared to the mutant, a one step mutation was inferred. If two progenitor alleles exhibited the same difference when compared to the new/mutant one, the origin was declared ambiguous.
Statistical analysis
Statistical comparison of population allele size frequency at the BAT-40 locus was carried out using a Mann-Whitney U test on the Minitab (V.13) statistical package. Significance was taken at the 5% level.
For comparison of mutation levels between matched sperm and blood samples, the frequency of mutant alleles in each sample was expressed as the number of alleles that were mutant in length divided by the total number of alleles detected (normal and mutant). Accordingly the frequency of mutants was not the exact number of cells with alterations but represents the relative proportions of alleles. Statistical analyses were then performed using a chi-squared analysis on Minitab (V.13) statistical package, and significance taken at the 5% level.
RESULTS
The BAT-40 poly(A/T) locus is polymorphic
BAT-40 genotypes were defined in 104 unrelated Scottish individuals and 35 unrelated CEPH family members (Table 1) . Representative ABI310 profiles are shown in Figure 1 . PCR products displaying a single complex of peaks with a near normal distribution were counted as homozygous ( Fig. 1A) . Those with extra peaks were regarded as BAT-40 heterozygous ( Fig. 1B-D) . The allele traces of the BAT-40 mononucleotide marker are complex with 'stutter' peaks evident due to DNA polymerase slippage. However, 'bona fide' allele sizes are taken to be the predominant peak in each separate peak complex in accordance with previous studies ( Fig. 1) (26, 29) . The predominant peak is that with the greatest peak area as indicated by the ABI310 genetic analyser software. Our own previous analysis of this locus by SP-PCR analysis of multiple single alleles in three individuals has also validated this method of allele sizing at the BAT-40 locus. The most predominant peaks as genotyped from constitutional DNA are detectable as individual alleles by SP-PCR ( Fig. 2 ). PCR error is evident when amplifying BAT-40, by nature of the stutter bands that are observed (Figs 1 and 2). However, reproducibility of the prominent peaks in a given individual assures confidence in the sizes given (see Materials and Methods). Where the genotype of an individual could not be confirmed by reproducibly detecting the same peaks in the allele trace, these individuals were discarded from further analysis (three cases).
The distribution of BAT-40 heterozygous genotypes also indicates that amplification and detection of two BAT-40 alleles of different sizes is due to the difference in genotype and not technical artefact (Table 1) .
Allele frequency and distribution for both the Scottish and the CEPH cohorts are shown in Figure 3 . Of the 139 samples analysed, a total of 83 demonstrated heterozygosity at the BAT-40 locus (59.7%). Levels of heterozygosity were similar between the cohorts, 58.7% (61/104) in the Scottish population and 62.9% (22/35) in the CEPH cohort. As expected for a highly polymorphic marker the overall distribution of allele sizes was not significantly different between these two populations (P = 0.056) ( Fig. 3 ). Allelic size variation was from -15 to +11 as compared to the most frequent allele. Taking into account variation in the cohorts studied, these data are in line with a previous study reporting polymorphism at this mononucleotide marker for a large number of different alleles, and are suggestive of the frequent generation of new alleles at this locus (25) . The most frequent allele in both cohorts in this study (123 bp) corresponds to a 37-adenine tract as calculated from the genomic sequence (GenBank accession no. M38180). However, the BAT-40 heterozygosity reported here differs in both frequency and size distribution to that observed in a Japanese study despite the use of similar methodology (29) .
Germline hypermutability at BAT-40 in pedigree analysis
Since BAT-40 displays high levels of polymorphism in populations and has been previously demonstrated to be extremely susceptible to instability in MMR deficient tumours (21), we reasoned that BAT-40 may be inherently unstable and that germline mutations might be detectable in family studies. A Scottish family, K-435, was chosen to determine whether a high level of germline mutation occurs within this population. Proband MD-473 had previously been identified as heterozygous at BAT-40, with two distinct sized alleles at this locus (112/124). Analysing the meiotic stability of BAT-40 alleles that are easily distinguished by size allows for the most accurate assessment of individual allele stability at a complex locus such as BAT-40. DNA from 20 available individuals from K-435 was genotyped at the BAT-40 locus (Fig. 4A ). There were 11 germline transmissions available for study. Within the family there was striking evidence of a germline mutation in the allele transmission from MD-1303 to MD-449. MD-1303 is heterozygous for BAT-40 with an allele set of 120/124 but her daughter (MD-449) is homozygous for two 112 BAT-40 alleles (Fig. 4) . DNA was unavailable from the father of MD-449 who is very likely to have carried at least one 112 allele, inferred from sibling and progeny genotypes. Therefore the mutation is implicated as being maternal in origin showing loss of repeats at the BAT-40 locus. The 112/112 homozygous allele is highly unlikely to have arisen by dropout of the larger 120 or 124 bp allele during PCR because four family members including MD-439, the sister of MD-449, had 112/124 genotypes that were easily detected under the PCR conditions used (Fig. 4 ). This indicates that the technique reliably detects the larger alleles. Furthermore, the 120 bp allele in MD-1303 was faithfully amplified (Fig. 4B ). Genotyping for all members of this family was confirmed in triplicate and previous genotyping at microsatellite markers confirmed that MD-1301 was indeed the mother of the twins MD-449 and MD-439 (data not shown). The observation of a germline mutation in only 11 allele transmissions is striking, since only one mutation event in 3000-5000 transmissions has been reported for CA repeats (10) . This led us to further investigate the possibility that BAT-40 is highly unstable in the germline and that mutant alleles might be transmitted in subsequent generations, to manifest as polymorphism within the population. 
Germline hypermutability in CEPH family analysis
To further explore germline instability at BAT-40, we analysed BAT-40 alleles in a CEPH family panel. Nine CEPH families were genotyped at the BAT-40 locus, totalling 176 germline transmissions analysed, and 12 putative mutations (6.8%) were identified (Table 1) . However, in all cases, heterozygous parental alleles differed by only a few base pairs and the mutations indicated involved small (1 bp) changes ( Table 1 and Fig. 5 ). Of the 88 maternal transmissions analysed, three were mutant at BAT-40 (3.4%) and of the 88 paternal transmissions analysed, nine were mutant (10.2%). This difference was not statistically significant (χ 2 = 3.22, P = 0.073). Insertions and deletions appeared to occur equally.
The mutations identified in CEPH families provided further support for our initial observation that BAT-40 is hypermutable in the germline. The CEPH data add further weight to the identification of the germline mutation in family K-435 and also to the evidence from the high levels of heterozygosity at BAT-40 in the caucasian population study demonstrating high levels of heterozygosity at BAT-40. However, although the CEPH mutations were reproducible, the small changes observed in the complex BAT-40 profile led us to devise a further, rigorous method to analyse susceptibility of this locus to mutation in the germline.
Inherent hypermutablity of BAT-40 in the germline demonstrated by small-pool PCR analysis of sperm DNA
SP-PCR analysis of germline DNA has important advantages over family studies for analysing germline stability at complex loci (11, 15) . The method overcomes the practical constraints encountered during pedigree analyses, which suffer limitations from the small number of mutants that can be identified. In contrast, many hundreds of gametes can be analysed from a single semen sample and consequently, a greater variation in allele size changes may be available for identification. In addition, the dilution of the DNA sample aids unambiguous allele identification at a hypermutable locus. Mutation frequency as detected in sperm DNA has been shown to reflect estimations from studies in pedigrees (11) . Comparisons of sperm DNA and constitutional DNA templates have shown that SP-PCR reliably discriminates alleles in both and that there are no demonstrable differences in technical artefact between the two sample templates (11) . In addition SP-PCR has been demonstrated to reliably detect differences in intra-allelic mutation frequency in sperm DNA (11, (14) (15) (16) . For SP-PCR of sperm DNA, study subjects were selected as being constitutionally heterozygous at the BAT-40 locus with individual wild-type alleles easily distinguished by size. MD-c1 had allele sizes 120/124 and MD-949 had alleles of size 121/124. Correct identification of constitutional allele sizes was further supported in the SP-PCR analysis where individual alleles of the same predominant allele size were detected (Fig. 6 ). Approximately 100 SP-PCR products were analysed per sample. BAT-40 allele sizes typed from constitutional and sperm DNA templates by SP-PCR are shown in Figure 7 . Mutant alleles were detected in sperm DNA by comparison with constitutional genotype (Fig. 6 ). The frequency of mutant alleles detected in each sample is summarised in Table 3 . In both MD-c1 and MD-949 matched samples, there was a significantly greater number of mutant alleles detected in sperm DNA compared to that of matched blood leukocyte DNA samples (χ 2 = 19.32, P < 0.001 and χ 2 = 13.82, P < 0.001 for MD-c1 and MD-949, respectively). A total of 9/198 (4.5%) alleles in the leukocyte DNA were mutant compared to a total of 64/255 (25.1%) mutant alleles in the sperm templates, indicating an almost 6-fold increase in mutation accumulation in the germline. The proportion of mutant alleles in blood and sperm was equivalent in MD-c1 and MD-949 samples suggesting that constitutional heterozygous DNA MMR gene mutation does not influence mutation rate in the male gamete in this case.
Although both addition and deletion mutations were identified, we observed a bias towards repeat losses over gains in the sperm (χ 2 = 11.0, P < 0.001 and χ 2 = 10.3, P < 0.001 for MD-c1 and MD-949 sperm samples, respectively).
DISCUSSION
Long poly(A/T) tracts are abundant in the human genome, occurring at the 3′ untranslated region (UTR) of genes (30) and within intronic sequences as well as coding regions (17) . Length variation at such repetitive sequences has importance with respect to gene expression and function (21, (30) (31) (32) . In addition, poly(A/T) markers play an important role in the classification of microsatellite unstable CRCs (6) . Here we report a series of studies aimed at defining germline stability of a paradigm poly(A/T) repeat locus. By analysis of two cohorts we show that BAT-40 is a highly polymorphic locus with an observed level of heterozygosity of 59.7%. This is similar to a previous analysis of a CEPH cohort in which a level of heterozygosity of 72% was reported. However, the level of BAT-40 heterozygosity detected here and in a CEPH cohort by Zhou et al. (25) is considerably higher that that observed in a Japanese cohort (14.6%) (29) . Although this might be explained in part by variation in allele heterozygosity between populations, the Japanese study cohort were from hospital based samples and may not be representative of the true Japanese population frequencies. Our confirmation that BAT-40 is a highly polymorphic locus suggests that generation of new alleles by slippage and mutation at this locus might be quite common.
Instability at BAT-40 is well documented in MMR deficient tumours (6, 21) and we have also observed instability at this locus in cells derived from normal tissue that are deficient in MMR (33) . These data also indicate that this repeat locus might be particularly unstable. Identification of a germline mutation at BAT-40 in a Scottish pedigree suggests that this locus is also Transmissions in which a germline mutation was indicated are described. The genotype of the child along with both parents is presented. The inferred origin is highlighted by an asterisk. The CEPH pedigree number, individual identification number and family relationship is given as standard CEPH nomenclature. a In one case the sample failed to amplify and genotype was inferred from the relatives. highly unstable in the germline. Explanations such as failure to amplify larger alleles as an explanation for apparent germline mutations, such as that in MD-449, are highly unlikely since larger alleles were detected reliably in the presence of a 112 allele in other family members. Our initial observation in a single family is supported by pedigree analysis of a further nine CEPH families, albeit with less dramatic examples, biased in part by the nature of the parental genotypes. Hence, we chose individuals with easily distinguishable allele sizes for analysis of sperm DNA. Analysis of matched sperm and blood DNA at BAT-40 by SP-PCR demonstrated a statistically significant increase in the proportion of mutant alleles in sperm compared to somatic DNA. This argues strongly that the mutations detected by SP-PCR of sperm DNA are indeed authentic. We employed rigorous controls to ensure against contamination (see Materials and Methods). The SP-PCR approach has been previously shown to detect mutant alleles with equal fidelity in sperm and constitutional DNA templates as demonstrated by direct comparisons between mutation rates detected by SP-PCR of sperm compared to family studies (11) . These studies have consistently validated the SP-PCR approach (11, 14) . The presence of an inactivating MLH1 mutation in the germline of one individual did not further influence the level of instability at BAT-40 in the sperm DNA. Intriguingly, there were shorter mutant alleles predominating in the sperm DNA despite the fact that the SP-PCR technique reliably detected both large and short constitutional alleles.
The results presented here provide compelling evidence that BAT-40 is inherently highly unstable in the germline. It will be of interest to determine whether this phenomenon is common and what length of poly(A/T) tract represents a threshold at which instability becomes likely.
Hypermutability at the BAT-40 locus provides an explanation for the wide spectrum of allelic variants present in the Scottish, CEPH and other populations studied, since transmission of new germline variants can become established within the population.
The evidence that BAT-40 represents a poly(A/T) tract within the genomic structure of a gene and exhibits instability in the germline might be of importance in understanding the mechanisms generating mutations at other such polymorphic repeat loci. Indeed this phenomenon may be common to many poly(A/T) tracts and further study of such sequences is merited to elucidate whether this is a widespread phenomenon. Poly(A/T) tracts are ubiquitous at the 3′UTR of all coding genes where the stability in length of the poly(A) tail is of known functional importance to the stability of the mRNA species (30) . Of further relevance, these repetitive tracts are common in intronic sequence (17) , and shortening of intronic mononucleotides has also been shown to have functional consequences. For instance, aberrant splice variants of the ATM gene that result in ataxia-telangiectasia can arise as a consequence of shortened intronic mononucleotide tracts (31) . In addition the shortened poly(T) 5 variant in intron 8 of the cystic fibrosis transmembrane conductance regulator gene causes congenital bilateral absence of the vas deferens when associated with a cystic fibrosis mutation on the other allele (34) . Mutation of poly(A/T) tracts within exonic sequences have also been shown to contribute to carcinogenesis and this is exemplified by mutation of the TGFBR2 gene in MSI + CRCs (20, 21) . Hence, it seems reasonable to speculate that the mechanism of inherent instability elucidated here might also have relevance to a number of genes containing such repeats.
BAT-40 is used routinely as a marker in determining tumour genomic stability in relation to defective DNA MMR, due to its extreme sensitivity to mutation in the absence of MMR activity (5, 21, 23) . Microsatellite markers that display such germline hypermutability should be used with caution in view of the likelihood of mitotic instability. Very unstable markers may be too sensitive to provide the specificity to MMR defects that is clearly required in such screening strategies. The evidence reported here supports a growing number of studies that highlight the importance of understanding inherent characteristics influencing marker stability when they are used in clinical analyses (7, 23, 26, 35) . 
